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ABSTRACT
Spatial Trends and Facies Distribution of the High-Energy
Alluvial Cutler Formation, Southeastern Utah
Isaac John Allred
Department of Geological Sciences, BYU
Master of Science
The Cutler Formation is composed of a thick, arkosic, alluvial conglomerate, sandstone,
and mudstone package shed southwestward from the Uncompahgre Uplift into the Paradox
Basin. More basin-ward the Cutler is recognized as a group consisting of differentiable
formations. Discrete formations historically have not been distinguished near the uplift, but this
study identified several separate successions in the Richardson Amphitheater. Research at the
Richardson Amphitheater, ~12 km southwest of the uplift and ~30 km northeast of Moab, Utah,
led to a systematic subdivision of the Permian Cutler Formation proximal to the uplift. Likely
driven by channel cutting and migration across the alluvial fan, six 10-20 m thick successions are
partially exposed. The dominant observed facies are basal conglomerate and channel-fill trough
cross-stratified sandstone overlain by finer-grained distal sheetflood and frequently
pedogenically altered sandstone.
Down-warping of identified successions and the presence of additional sands within the
area of flexure suggest that localized salt withdrawal created a sediment depocenter in the
Richardson Amphitheater, ~6 km northwest of the Onion Creek salt diapir. The identified salt
withdrawal feature is more proximal to the Uncompahgre Uplift than any of the major
documented salt structures in the area and was not previously documented.
Six measured stratigraphic sections and hundreds of high-precision differential GPS data
points outlining major lateral erosional surfaces form the basis for interpretation. Five mapped
erosional surfaces (bounding surfaces based upon differential GPS point interpolation) are
laterally extensive within the approximately one square kilometer study area, and as such,
represent stratigraphically significant surfaces. Within the generated structural geocellular
model, stratigraphic data from measured sections informed facies modeling between major
surfaces. This outcrop model may serve as an analogue for subsurface systems deposited in
similar settings.
Keywords: Alluvial fan, arkosic facies, bounding surface, Cutler Formation, conglomeratic
sandstone, digital outcrop model, fluvial, pedogenic carbonate, Richardson Amphitheater, salt
tectonics, trough cross-stratified sandstone, Utah
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INTRODUCTION
The undifferentiated Permian Cutler Group near Professor Valley, Utah (Figure 1, Figure
2, Figure 3, and Figure 4) consists of a thick, heterogeneous package of grayish-purple arkosic
and conglomeratic sandstones, and dark brown siltstones and mudstones that interfinger with
orange to yellow and white quartz-rich sandstones characterized by large-scale cross-stratified
bedding (Dubiel et al., 2009). The upper Cutler Group is well exposed at the Richardson
Amphitheater, the northeastern most portion of Professor Valley near the Hittle Bottom
Campground, allowing for study of ancient alluvial processes and analysis of spatial trends and
facies distribution of the proximal Cutler alluvial fan system.
The Pennsylvania-Permian Cutler Group is spatially divided into a coarse, arkosic,
undifferentiated member proximal to the Uncompahgre Uplift and four finer-grained, more distal
members in the center of the Paradox Basin (in ascending stratigraphic order): the Lower Cutler
beds, Cedar Mesa Sandstone, Organ Rock Formation and White Rim Sandstone (Stanesco and
Campbell, 1989; Loope et al., 1990; Dubiel et al., 1996). In proximal settings (the approximate
area between Gateway, Colorado and Moab, Utah, see Figure 1), the Cutler is not subdivided
into discreet formations (Huntoon et al., 1982), but Dubiel et al. (2009) recognized small-scale
depositional units based on characteristic lithologies and specific sedimentary structures.
Wengerd and Matheny (1958) raised the entire Cutler to group status and Baars (1962) termed
the thick package of undifferentiated, arkosic deposits as the Cutler Formation. The present study
follows Baars (1962) statement that the earliest Cutler sedimentation in the greater Moab area
must be Lower Permian and that the observed outcrops in the Richardson Amphitheater are
Permian in age. Baars (1962) also suggested that the regional distal equivalent of the upper
Cutler Formation is the Organ Rock Formation.
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Figure 1. Regional map showing the main salt structures near the Richardson Amphitheater (study area in black box, see Figure 2, Figure 3, and Figure 4): OC,
Onion Creek; CV, Castle Valley; MV, Moab Valley; CcV, Cache Valley; and SV, Salt Valley. Professor Valley is southwest of the Richardson Amphitheater and
west of the Onion Creek salt diapir. Modified from Trudgill et al. (2004), Venus et al. (2015), and a Google Earth image.
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Figure 2. Map of the Richardson Amphitheater and study area (black box). The study area consists of two N-S trending canyons with outcrop exposure. The red
polygon outlines the estimated area of salt withdrawal. The Amphitheater Loop trailhead is located near the Colorado River at the BLM Hittle Bottom
Campground (upper left). The valley along the Colorado River in this vicinity is generally refered to as Professor Valley. Modified from Google Earth image.
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Figure 3. View southeast of the Richardson Amphitheater along the Colorado River between Dewey Bridge and Moab, Utah. Fisher Towers on the right are
composed of Permian Cutler Formation and capped by Triassic Moenkopi Formation. The Permian-Triassic unconformity (orange) is traced from Fisher
Towers (right) to the Richardson Amphitheater (left). Prominent mesa at left center is capped by Triassic/Jurassic Wingate Sandstone and underlain by slopeforming Triassic Chinle and Moenkopi Formations. The present study uses the name Richardson Amphitheater to refer to the cove on the left, the location of the
study area.
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Figure 4. Image of outcrops within the Richardson Amphitheater looking south (taken from near vertical section 2 or VS2). Four complete fining-upwards
successions bounded by five erosional surfaces are indicated: V, turquoise; W, light green; X, orange; Y, purple; and Z, blue. The mapped erosional surfaces
correlate with topographic terraces. Note that several successions, such as above Surface V, are gray to white in color, indicating calcite cement (Blissenbach,
1954). Also note the chocolate-colored cliffs of the Moenkopi (center), slope-forming Chinle, and cliffs of the Wingate (upper left) overlying the Permian Cutler
Formation (see Figure 3).
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Cain and Mountney (2009) traced distal Organ Rock fluvial deposits back to proximal
deposits at Fisher Towers. Four fining upward cycles (a cumulative thickness of nearly 80 m
within an overall fining-upward trend within the Organ Rock) were measured by Cain and
Mountney (2009) at Fisher Towers. They interpreted these cycles to represent the gradual retreat
and shutdown of the fluvial fan system downstream of the alluvial fan. In general, previous
studies of the Cutler Formation have not attempted to determine the distribution of architectural
elements and lithofacies within the proximal, arkosic facies, although Venus et al. (2015)
conducted a regional correlation study (including two sedimentary logs measured near the
Richardson Amphitheater).
The present study 1) identifies four complete and two partial fining-upward successions,
bounded by laterally extensive erosional surfaces (bounding surfaces) within the undifferentiated
Cutler Formation within the ~1 km² study area (see Figure 4), 2) estimates the facies distribution
and spatial trends in the amalgamated, syntectonic, heterogeneous alluvial system, and 3)
discusses depositional drivers of the observed successions. A digital outcrop model was
constructed in Petrel. The model improves understanding of the Cutler depositional system and
the predictability of facies in analogous systems. This model may be useful for subsurface oil
and gas reservoirs.
Study Area
The erosion of northwestern Professor Valley (Figure 1 and Figure 2), ~30 km northwest
of Moab, carved the Richardson Amphitheater and exposed the Cutler Formation. The outcrops
in the Richardson Amphitheater study area are located ~4 km north of Fisher Towers and ~2 km
southeast of the BLM Hittle Bottom campground and are easily accessible via the BLM
Amphitheater Loop trail (Figure 2). Two canyons (Canyon A on the west and Canyon B on the
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east) cut into the Cutler and provide good exposure for data acquisition. A previously
undocumented salt withdrawal feature has deformed the Cutler beds in the southwestern portion
(in Canyon A) of the study area (Figure 2). The north-south 500 m-long outcrop between VS4
and VS6 displays steeply dipping beds (~30 degrees). This salt withdrawal syncline may be
related to the Onion Creek-Fisher Valley salt wall ~6 km to the southeast.

BACKGROUND
Tectonic Setting, Paradox Basin, and Pennsylvanian Stratigraphy
The late Paleozoic Ancestral Rocky Mountains consisted of approximately 20 thickskinned, basement-cored uplifts that extended from central Texas to southern Idaho (Barbeau,
2003). Kluth and Coney (1981) proposed that the Ancestral Rockies developed due to the
oblique collision of the Laurasian and Gondwana supercontinents and the associated northwestverging Ouachita-Marathon thrust system. Corresponding intracratonic basins formed adjacent to
the uplifts. The Paradox Basin, a flexural foreland basin, developed in response to the loading of
the continental plate by the Uncompahgre Uplift (Barbeau, 2003). Subsurface data reveal the
presence of a 50 degree northeast-dipping reverse fault, placing Precambrian crystalline
basement over the most proximal basin fill (White and Jacobson, 1983; Moore et al., 2008). The
asymmetric, intraforeland basin was filled with arkosic sediments, indicating derivation from
Precambrian basement uplifts (Werner, 1974).
The Paradox Basin in proximity to the Uncompahgre front experienced significant salt
deformation from the middle Pennsylvanian through Triassic time. The salt was precipitated
during the Pennsylvanian Period as a function of prolonged aridity, high-amplitude glacioeustatic sea-level fluctuations, and the restricted nature of the basin (Suttner and Dutta, 1986;
Blakey, 2009). Underlying the Cutler Formation (in ascending order) are the Pennsylvanian
7

Paradox and Honaker Trail Formations. The Paradox Formation contains interbedded evaporates,
black shales and carbonates (Baker et al., 1933; Baars et al., 1967; Hite and Buckner, 1981). The
evaporites deformed and withdrew in areas where arkosic Cutler sediments were deposited. The
subsequent surficial deposits caused passive salt diapirism of the Paradox Formation (Trudgill,
2011). The marine carbonates of the Honaker Trail Formation interfinger with coarse arkosic
sandstones closer to the Uncompahgre front. The arkoses represent the beginning of rapid uplift
(Elston et al., 1962; Condon, 1997; Williams, 2009).
Sediment loading and salt evacuation formed a series of northwest trending salt walls and
intervening minibasins oriented parallel to the Uncompahgre front (Figure 1). The most proximal
salt wall to the uplift (~16 km away) and the oldest salt structure, the Onion Creek-Fisher salt
structure (hereafter referred to as the Onion Creek salt diapir), separates the most proximal
Fisher minibasin from the more distal minibasins (Trudgill, 2011). The Richardson Amphitheater
outcrops within the Fisher minibasin are ~12 km from the southwestern front of the orogeny, and
are located in the estimated proximal alluvial fan and midfan transition zone of the Cutler
(Suttner and Dutta, 1986).
Permian Cutler Formation
In general, the Cutler Formation consists of rapidly deposited, poorly sorted, and
immature conglomeratic sandstone and siltstone beds. The 4000 m-thick clastic wedge adjacent
to the uplift (Venus et al., 2015) and coarse-grain size of the terrigenous detritus shed into the
basin indicate that the source terrain had high relief (Werner, 1974). Debris flow, alluvial fan,
and proximal braided stream deposits constitute the Cutler depositional systems most proximal to
the Uncompahgre Uplift and in the study area (Campbell, 1980; Mack and Rasmussen, 1984;
Shultz, 1984). The sediments, typically purple-brown in color are compositionally immature,
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consisting mostly of quartz, feldspar (orthoclase and potassium feldspar), rock fragments, biotite,
clay, iron-stained matrix, and calcite (Werner, 1974; Baars, 1975; Mack and Rasmussen, 1984;
Condon, 1997; Stanesco et al., 2000). The observed red beds, typical of alluvial fan deposits, are
likely due to in-situ intrastratal solution of iron-bearing minerals, such as biotite and hornblende
(Werner, 1974).
Previous workers compared relative proximal (Gateway, Colorado) to more midfan
(Fisher Towers, Utah) deposits of the Cutler alluvial fan system (Werner, 1974; Mack and
Rasmussen, 1984; Van de Kamp and Leake, 1994; also see Figure 1). While Cutler
conglomerates with boulder-sized clasts are common at Gateway (Mack and Rasmussen, 1984),
distally (Fisher Towers) the grain size decreases to primarily pebble- and gravel-dominated
conglomeratic sandstone (Blakey, 2009) and trough cross-stratified sandstone, with minor
siltstone and mudstone interbeds (Dubiel et al., 2009). The average amount of quartz at Fisher
Towers is higher and the K-feldspar to total-identified-feldspar ratio is lower than observed at
Gateway (Werner, 1974). These petrologic differences at Fisher Towers relative to Gateway
imply a greater distance from the source area. Evidences for an arid to semi-arid depositional
environment are the general lack of terrestrial fossils and compositional immaturity of
sandstones and conglomerates (Blissenbach, 1954; Werner, 1974).
Arkosic sandstone in the Cutler is commonly cemented by sparry calcite and dolomite
(Bohn, 1977). Ascending and descending ground water precipitated calcium carbonate, coating
fan sediments and leaving solid layers or concretions of calcium carbonate. Where calcite cement
is abundant, alluvial-fan deposits range from gray to white in color (Blissenbach, 1954). Sparry
calcite bands, including thin bands of calcite and dolomite rhombs, appear to be the result of
secondary dolomitization (Bohn, 1977).
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Permian-Triassic Unconformity, Mesozoic Stratigraphy, and Uplift of Colorado Plateau
Overlying the Cutler Formation is the regional Permian-Triassic Unconformity (Figure 3
and Figure 4). The Permian Cutler Formation is separated from the Triassic Moenkopi Formation
by an angular unconformity that reflects approximately 25 Ma of non-deposition and erosion
(Rasmussen and Rasmussen, 2009). The angular nature of the unconformity at the Richardson
Amphitheater is due to the continued salt movement between cessation of the Cutler
sedimentation and the onset of Moenkopi sedimentation (Trudgill, 2011). The gently dipping
Cutler Formation plunges into the subsurface northwest of the Richardson Amphitheater (Venus
et al., 2015).
Outcrops of the Mesozoic Moenkopi, Chinle and Wingate Formations rim the entirety of
Professor Valley above the Cutler Formation (Figure 1, Figure 2, Figure 3, and Figure 4). By the
Mesozoic Era salt tectonics stopped in the present study area, but continued farther to the
southwest (Trudgill, 2011). The early Triassic Moenkopi Formation records late-stage
denudation of the Uncompahgre and deposition by stream channels flowing westward across a
broad flat coastal plain (Rasmussen, 2006; Moore et al., 2008; Kluth and DuChene, 2009).
Throughout the region Moenkopi strata (Figure 3 and Figure 4) represent a mosaic of
depositional environments including fluvial, intertidal, and marine sandstone, siltstone,
mudstone, and limestone (Hintze and Kowallis, 2009). Beds of evaporites indicate a continued
arid to semi-arid climate. The late Triassic Chinle Formation (Figure 3 and Figure 4) is entirely
non-marine, consisting of fluvial and lacustrine deposits (Hintze and Kowallis, 2009). The
distinct cliff-forming eolian sandstone of the Wingate (Triassic-Jurassic) overlies the Chinle and
is capped by the fluvial-influenced Kayenta Formation (Jurassic).
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Laramide tectonism contributed to the erosion of late Mesozoic and early Cenozoic
deposits. With the subduction of the Farallon Plate and the associated changing plate motions,
the thick package of Paleozoic and Mesozoic sedimentary rock was uplifted several kilometers,
forming the Colorado Plateau. With rapid uplift beginning ~5 Ma (Sahagian et al., 2002), the
meandering Colorado River became entrenched. The river and small tributaries stripped away
buried Cenozoic and Mesozoic deposits, carving out Professor Valley (Suttner and Dutta, 1986).
Continued fluvial incision, Plio-Pleistocene growth of the Onion Creek diapir (Trudgill, 2011),
and ground water dissolution of the greater Fisher-Onion Creek-Cache Valley salt structure
(Figure 1) exposed much of the Cutler Formation in Professor Valley.

METHODS
Sedimentary Logs and dGPS
Data for this study comprise of six measured sections (or Vertical Sections (VS)) and
differential GPS (dGPS) data from five surfaces (V-Z) from within the Permian Cutler
Formation. Vertical sections VS2, VS1, VS4, and VS6 display the north-to-south cross section of
the study area (Figure 5, Figure 6, Figure 7, and Figure 8). The west-to-east cross section
consists of vertical sections VS5, VS1, and VS3 (Figure 5, Figure 6, Figure 7, and Figure 9).
Recorded facies reflect the facies scheme documented in Table 1. Surfaces V-Z were used as
lines of correlation between sections.
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Figure 5. Location of six sedimentary logs or vertical sections (VS) within the Richardson Amphitheater. Note the location of Canyon A on the west and Canyon
B on the east. Image modified from Google Earth.
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Figure 6. Petrel map view of vertical sections (VS) and individual dGPS data points that represent control surfaces:
bright green points, Surface V; dark blue points, Surface W; light blue points, Surface X; yellow points, Surface Y;
and dark green points, Surface Z. X-axis and Y-axis units follow the Universal Transverse Mercator (UTM)
coordinate system and the units are in meters. The Y-axis is parallel to north. See Figure 8 for the north to south
sedimentary log cross section (VS2, VS1, VS4, and VS6). See Figure 9 for the west to east sedimentary log cross
section (VS3, VS1, and VS5).
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Figure 7. Surface elevation for Surface X showing position of dGPS points and measured sections. The colors on Surface X represent the elevation of the surface,
with red being the highest elevation (~1390) and purple being the lowest elevation (~1320 m). Deformation is observed in the southwestern corner of the model.
View is from the northwest.
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Figure 8. North to south correlation drafted in EasyCore. All surfaces were field checked by walking them out. The
lithology key includes conglomerate, paleosol, pebbly sandstone, sandstone, and siltstone. The facies key includes
traction deposits (turquoise; TRAC), trough cross-bedded sandstone (light green; Tt), stratified, planar or crosslaminated pebbly sandstone (pink; S1), silty calisol (green; paleosol or Pcs), and massive, possibly graded pebbly
sandstone (light blue; S3).
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Figure 9. West to east correlation drafted in EasyCore. All surfaces were field checked by walking them out. The
lithology key includes conglomerate, paleosol, pebbly sandstone, sandstone, and siltstone. The facies key includes
traction deposits (turquoise; TRAC), trough cross-bedded sandstone (light green; Tt), stratified, planar or crosslaminated pebbly sandstone (pink; S1), silty calisol (green; paleosol or Pcs), and massive, possibly graded pebbly
sandstone (light blue; S3).
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Facies
Code
Fce
or
TRAC

Facies

Description

Interpretation

Extraformational
conglomerate
(fluvial)

Fci

Intraformational
conglomerate
(fluvial)
Trough and
tabular crossstratified
sandstone

Crudely bedded, matrix-supported and clast-supported with
sub-angular to sub-rounded clasts of igneous and metamorphic
origin. Beds range from 0.5 to 4 m in thickness. Matrix of
medium-grained to very coarse-grained sandstone. Primary
sedimentary structures are absent. Bodies have erosional bases
and can be traced laterally for hundreds of meters. Often fines
upward into trough cross-stratified sandstone (Tt).
Deposits of reworked Cutler. Crudely bedded, matrixsupported with sandstone rip-up clasts. Matrix of very finegrained sandstone.

Streamflood
conglomerate;
hyperconcentrated flow;
proximal downstream,
longitudinal, and
transverse accretionary
bars.
Debris flow; collapsed
bank incised by cut bank
erosion.

Fine-grained to very coarse-grained, sub-angular to subrounded clasts showing poor to moderate sorting. Beds are
0.1-0.7 m thick, with bedsets 5-10 m thick. Associated with
extraformational conglomerate. Basal contacts are sharp and
upper contacts grade into finer-grained S1 facies. Soft
sediment deformation observed near salt deformation area.
Very fine-grained to medium-grained sandstone beds,
moderately sorted. Laminations average 5 to 10 mm thick and
show normal grading. Bioturbation and small ripples are
common. Some rhizocretions and pedogenic mottling.

Tt

S1

Horizontally
laminated,
silty
sandstone

S3

Massive
sandstone

Pcs

Pedogenic
carbonate

Very fine to very coarse-grained, poor to well-sorted,
generally structureless sandstone. Beds are 0.1-0.5 m in
thickness, have a sharp basal contact, and can be traced
laterally for hundreds of meters. Overlain or truncated by
extraformational conglomerate.
Chocolate-brown siltstone with large proportions of mottled,
nodular calcrete/carbonate, rhizocretions, or more rarely,
bedded carbonate.

Depositional
Environment
Channel bars
(CB);
Traction
Deposit
(TRC); Highconcentration
flood (DBF)
Debris Flow
(DBF)

Modeled
Facies
Channel
Bar (CB,
7)

Waning-stage channel
and bar-top deposits;
migration of sandy bar
forms within a fluvial
channel; channel fill.

Channel Bar
(CB)

Channel
Bar (CB,
7)

Sandy mudflows
(sheetfloods) on midfan
during periods of
entrenchment elsewhere
in the fan.
Rapid deposition,
perhaps due to an
unconfined fluvial
sheetflood or overbank
deposits.
Soil formation during
depositional inactivity.
Uptake of calcite-rich
groundwaters by
evaporative pumping.

Sandy
mudflow
(MF); Nonchannelized
deposits
LeveeOverbank
(LVO);
Unconfined
sheetflood
Floodplain
(FPL)

Sandy
Mudflow
(MF, 6)

Channel
Bar (CB,
7)

LeveeOverbank
(LVO, 32)
Floodplain
(FPL, 20)

Table 1. Summary of lithofacies observed in Cutler Formation, Richardson Amphitheater. The modeled facies names and numbers are from the EasyCore software.
Modified from Cain and Mountney (2009), DeCelles et al. (1991), and Mack and Rasmussen (1984).
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The present study used the Trimble ProXRT differential GPS (dGPS) configuration to
acquire sub-meter (10-50 cm) precision data points along key surfaces (Figure 6 and Figure 7).
This configuration used both the GNSS and GLONASS satellite systems to increase precision
during field acquisition. The OmniSTAR real-time kinematic (RTK) correction service allowed
operation in the field without the need for a local base station. Acquired points represent major
erosional surfaces that are laterally extensive throughout the study area. A TruPulse 360R laser
rangefinder enabled dGPS data acquisition where surfaces were inaccessible. The intersection of
these surfaces with measured sections are indicated (Figure 8 and Figure 9). dGPS data points
were downloaded using the GPS Pathfinder Office, saved as tab delimited text files, and
imported into Petrel 2013 as ASCII data point files. dGPS elevation is based upon acquired
height above ellipsoid data.
Sedimentary sections were drafted using the EasyCore 1.2.4 software (Figure 8 and
Figure 9; see also Appendix A). Photographs from the outcrop, grain size, sedimentary
structures, lithology, observed facies and interpreted depositional environments were recorded.
Depth and interpreted depositional environment values were exported at a fixed 0.1 m interval
and imported as discrete logs within Petrel for modeling. Where small discrepancies were
present, sedimentary logs were shifted to fit dGPS control surfaces.

DATA AND OBSERVATIONS
SEDIMENTARY FACIES
Six lithofacies types are recognized at the Richardson Amphitheater study area:
extraformational conglomerate (Fce), intraformational conglomerate (Fci), trough cross-stratified
sandstone (Tt), horizontally laminated, silty sandstone (S1), massive sandstone (S3), and
pedogenic carbonate (Pcs). The suite of facies indicates deposition within channelized and non18

channelized alluvial systems. The facies classification system used in this study (Table 1) is
based upon DeCelles et al. (1991), Mack and Rasmussen (1984), and Cain and Mountney (2009).
These facies occur in predictable vertical successions (Figure 10 and Figure 11). The percentage
of interpreted facies per succession is shown in Table 2.
Facies relationships are defined within the context of a seven-fold bounding surface
hiearchy previously used to describe the architectural elements of the Paleocene Beartooth
Conglomerate in Wyoming (DeCelles et al., 1991), which is a modified version of the Miall
(1977) bounding surface classification of sandy fluvial systems. The present study uses this
hierarchy to interpret the observed facies relationships in the Richardson Amphitheater. First- to
fourth-order surfaces bound thin stratigraphic intervals that range from bedsets to scoured
channels. Laterally extensive erosional surfaces, or fifth-order bounding surfaces, represent the
cutting and lateral migration of entrenched channels. Sixth-order bounding surfaces encase entire
fans (which are several kilometers wide) and enclose sections hundreds of meters thick. Seventhorder surfaces usually denote the boundary of an entire formation and likely represent the greater
spatial extent of the coalescence of multiple fans (DeCelles et al., 1991). This bounding surface
hierarchy should not be confused with sequence stratigraphy and different ordered sequences and
parasequences.
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Modeled facies

Sandy Mudflow

Channel Bar

Floodplain

Levee/Overbank

(columns)/ Horizontal

(6, red)

(7, orange)

(turquoise, 20)

(32, purple)

26.24%

69.57%

2.06%

2.13%

44.9%

42.53%

0%

12.56%

22.77%

67.96%

9.27%

0%

30.54%

64.37%

1.35%

3.74%

31.7%

59.6%

3.6%

5.0%

zones from model (rows)
Succession 4 or
Zone 4 (bottom Y)
Succession 3 or
Zone 3 (bottom X)

Succession 2 or
Zone 2 (bottom W)
Succession 1 or
Zone 1 (bottom V)

Total

Table 2. Percentage of interpreted depositional facies per zone and total for all zones. The number and color specific to each column correlates with the Petrel
facies modeling designation. Note that the term zone is only used to describe successions modeled.
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Figure 10. Vertical facies succession at the “Goblin” in ascending stratigraphic order: trough cross-stratified
sandstone (Tt), horizontally laminated sandstone (S1), extraformational conglomerate (Fce), massive sandstone
(S3), and pedogenic carbonate (Pcs). The thick white band above the extraformational conglomerate and below the
bright red, massive sandstone may be related to pedogenic processes. The Goblin is not within the one sq. km study
area, but it concisely displays most of the observed facies in the study area.
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Figure 11. Laterally correlative beds to the beds at the “Goblin” (~28 m to the NE). See Figure 10 for facies
definitions. Color mottling can be well developed in granule conglomerates. Red-brown to purple “red beds”
contain greenish-gray zones of variable shape and extent that may represent local reducing conditions caused by
breakdown of plant material (Mack and Rasmussen, 1984). Notice that there are pedogenic carbonate boulders
(Pcs) above the mottled, red bed (above the white band).
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Extraformational Conglomerate (Fce)
Description
Extraformational, matrix- and clast-supported, gravels, pebbles and cobbles contribute to
a gray to white conglomeratic sandstone that is commonly observed at the bottom of each
succession (Figure 12, Figure 13, Figure 14, Figure 15, Figure 16, and Figure 17). Many of the
large cobbles are comprised of gneiss and other metamorphic lithologies. Extraformational
boulder-size clasts are rare in the Richardson Amphitheater. These conglomeratic sandstones
commonly grade vertically into poorly developed trough cross-stratified sandstone. A basal-lag
cobble and pebble conglomerate grades upward into a single thick trough cross-bed set
composed of coarse sand (Mack and Rasmussen, 1984). These cobble-pebble conglomerates
have an erosive base and are laterally extensive for hundreds of meters. The lower bounding
surfaces are highly erosional with 0.2-0.5 m-deep erosional furrows (Figure 13). Rarely channels
incise as much as several meters into underlying beds. The lower surfaces scour into intervals of
massive silty sandstone facies (S3, see Figure 12 and Figure 13). To simplify facies modeling,
extraformational conglomerates are included with trough cross-stratified sandstone facies.
Extraformational conglomerates are observed above Surfaces V, X, and Z.
Interpretation
The extraformational conglomerate facies is interpreted to be lateral channel fill. The
underlying erosional surface is produced by the cutting and lateral migration of entrenched
channels in the alluvial fan (DeCelles et al., 1991). Lateral channel migration is dominated by
fluid-flow processes, including streamflood deposition on the midfan (Mack and Rasmussen,
1984; DeCelles et al., 1991). First-order surfaces bound deposits of single hyperconcentrated
flows (DeCelles et al., 1991). The basal scour of the channel formed a bounding surface.
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Figure 12. Extraformational conglomerate (Fce) overlying pink, finer-grained poorly bedded sandstone (S3) at
Surface V, VS2. The red field book marks Surface V and is 7.5 in. or ~19 cm in length.

Figure 13. Extraformational conglomerate (Fce) overlying a pink, massive sandstone (S3) at Surface X, VS2. Fce
fines upward into poorly bedded, pebbly trough cross-stratified sandstone (Tt). Massive sandstone overlies a
recessive bed of horizontally laminated, silty sandstone and siltstone (S1).
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Figure 14. Package of extraformational conglomerate (Fce) at Surface Z, on the west side of Canyon B. White
arrow indicates the Permian-Triassic Unconformity (upper left).

Figure 15. Surface Z (blue dashed line) near VS6, with extraformational conglomerate (Fce) overlying pedogenic
carbonate (Pcs). Picture at the east side of Canyon A. Notice that at this location Surface Z is significantly below
the Permian-Triassic Unconformity (black arrow).
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Figure 16. Extraformational conglomerate (Fce) overlying mottled pedogenic carbonate (Pcs) at Surface Z near
VS6. Picture taken near Figure 15. Trimble staff is 1.5 m in length.

Figure 17. Extraformational conglomerate (Fce) overlying a massive pink sandstone bed (S3). Picture taken near
the hoodoo called the “Goblin”, which is near the trailhead.
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The present study interprets the major erosional surfaces observed and mapped at the
Richardson Amphitheater to be fifth-order bounding surfaces (DeCelles et al., 1991). Lateral
migration of a channel, which is dominated by fluid-flow processes (Hooke, 1967; Schumm et
al., 1987), will produce a basal, erosional fifth-order surface that is overlain by a package of
fourth-order architectural elements, which accretes laterally as the channel sweeps toward the fan
central axis (DeCelles et al., 1991). Fifth-order surfaces are laterally traceable for hundreds of
meters and bound packages 10-50 m thick (DeCelles et al., 1991).
The basal lag and overlying cross-bed set represent a single depositional event and imply
flow depths of at least 3-4 m and flow velocities that initially were high enough to transport
cobbles but subsequently were in the upper part of the lower flow regime (Mack and Rasmussen,
1984). Some cobble clasts are bisected and one-half of the clast is in-situ in the outcrop,
indicating good cementation that allowed fractures to cut through individual clasts and around
clasts. The thick sets of cross-bedded gravelly sandstone in other ancient alluvial-fan sequences
are interpreted to have resulted from streamflood deposition in fanhead channels (Bluck, 1965;
Brookfield, 1980; Mack and Rasmussen, 1984; Steel, 1974). Streamflood deposition is more
common near the intersection point of a fanhead, where channels are shallower and wider before
they merge with the midfan surface (Mack and Rasmussen, 1984). Todd (1989) suggested that
similar deposits are produced by high-density stream flows that drive gravelly traction carpets
along streambeds. Thus, lateral cutting of channels may be complemented by laterally
continuous streamflood events, especially in relatively proximal (fanhead) settings.
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Intraformational Conglomerate (Fci)
Description
Intraformational conglomerates consist of large pieces of the Cutler Formation that have
been ripped-up and reworked. Large clasts as much as 500 cm in diameter are observed in the
Richardson Amphitheater. The observed clasts are typically isolated within a muddy to granular
matrix. Large deposits of intraformational conglomerate are rare in the study area, such as the
outcrop observed in Figure 18. Successions sometimes coarsen upward with intraformational
boulders near the top. The intraformational conglomerates are generally capped by trough crossstratified sandstone.
Interpretation
Intraformational conglomerates are interpreted to be the result of localized debris flow
deposits on the midfan. First-order surfaces bound deposits of single debris flows (DeCelles et
al., 1991). Debris flow deposits have been documented to be capped by channel-form and trough
cross-stratified beds (Mack and Rasmussen, 1984). They are rare in outcrop, potentially due to
the recessive nature of this fine-grained matrix rich deposit. In the case of the pedogenic
carbonate boulder shown in Figure 19, it is interpreted to be floodplain paleosol (pedogenic
carbonate) that was incised by a cut bank of a channel, ripped-up, and redeposited in a matrix of
channel sand.
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Figure 18. Intraformational conglomerate at Surface X, VS2. Note the rippled sandstone boulder rip-up (left). Also
note the sandstone boulder that was rotated 90 degrees by Jacob staff (right).

Figure 19. Angular pedogenic carbonate boulder suspended in sandy matrix. This boulder did not likely travel far
from the cut bank it was forcibly removed from. Note how the sediment beneath the boulder was deformed as the
boulder settled. The length of the rock hammer is 13 in or 33 cm. Location is between VS1 and VS4, above Surface
V, and on the east side of Canyon A.

29

Trough and Tabular Cross-Stratified Sandstone (Tt)
Description
The most common facies observed in the section is trough and tabular cross-stratified
sandstone (Table 2; Figure 20, Figure 21, Figure 22, and Figure 23). This facies is frequently
associated with extraformational conglomerates. Trough cross-stratified bedsets are typically 0.2
to 0.7 m thick, but can be up to 1.5 m thick in the study area. Stacked sections of trough crossstratified sandstone bedsets can be 4-10 m thick. Individual laminae range from one to ten
millimeters in thickness. The laminae of the troughs are often stained white, preserving white
banding (Figure 20, Figure 21, and Figure 23). Troughs can be small in amplitude and in some
cases where only 2D views are available are difficult to distinguish from tabular crossstratification. Large troughs are observed, such as one outcrop with a trough amplitude of 1 m
(Figure 21). The basal contact is sharp and erosional, and the upper contact is gradational into
overlying finer-grained facies.
Interpretation
The trough cross-stratified sandstone facies is interpreted to be a channel bar and
associated channel deposits. First-order surfaces bound individual trough cross-sets that were
produced by migration of subaqueous dunes (DeCelles et al., 1991). The association with the
extraformational conglomerate probably represents waning-flood deposits of fourth-order
architectural elements (DeCelles et al., 1991). Cross-stratification likely also represents
deposition within the thalweg of braided stream channels within the alluvial fan. The trough
cross-beds form as dune bedforms migrate along the channel floor during intermittent high water
(Harms and Fahnestock, 1960; Allen, 1963; Allen, 1964; Williams, 1968, 1969, 1971). In
analogous systems, the most common type of cross-stratification is due to the filling of channels
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Figure 20. Trough cross-stratified sandstone (Tt) near the bottom of VS1. The hammer is 33 cm in length.
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Figure 21. Trough cross-stratified sandstone (Tt) at VS4 exhibiting a deep trough . Jacob Staff is 1.5 m in length.
The rock hammer is 33 cm in length.
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Figure 22. A trough cross-stratified sandstone (Tt) bed (upper right by rock hammer) terminates to the left into
more horizontally laminated sandstone (S1). Note the mottled, pedogenic horizon (Pcs, Surface Y) on the middle-left
of the figure. The rock hammer is 33 cm in length.

Figure 23. Trough cross-stratified sandstone (Tt) near the top of VS2 . The staff is 1.5 m in length.
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that have been cut into underlying deposits (Blissenbach, 1954), but in the Cutler it is not
possible to differentiate channel deposits from bar deposits. The abundance of trough crossbedded facies indicates that transportation of sand and gravel as dune bedforms was a common
process on the Cutler alluvial fan (Mack and Rasmussen, 1984).
The white banding frequently outlining trough cross-stratified beds is interpreted to be
the result of diagenetic, calcite-rich fluids flowing through higher permeability pathways and
bleaching laminae. The rise and fall of ground water may also precipitate calcium carbonate in
alluvial-fan deposits (Blissenbach, 1954). The best reservoir facies in the study area, with
relatively high permeability, is the trough cross-stratified sandstone facies. However, the
weathering of K-feldspar into clay in this arkosic sandstone may also restrict permeability.
Horizontally Laminated, Silty Sandstone and Siltstone (S1)
Description
About 30% of the observed facies throughout the entire section are horizontally
laminated or rippled, micaceous sandstone and siltstone (Table 2; Figure 24, Figure 25, Figure
26, Figure 27, and Figure 28). Bedsets of horizontally laminated silty sandstone range in
thickness from 0.5 to 10 m and are laterally continuous for hundreds of meters with minor
changes in thickness. This facies can be recessive and appears to be the dominant facies within
slope cover in the study area, such as in Zone 1 below Surface Z (Figure 24). In some places, the
horizontally laminated sandstone is more indurated, fissile, and exhibits parting lineation.
Horizontal burrows and small ripples are observed along bedding planes of more fissile outcrops
(Figure 27 and Figure 28). Rhizocretions (root casts) are sometimes observed within this facies.
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Figure 24. Slope cover in Zone 1 below Surface Z (white arrow) is the result of recessive horizontally laminated,
silty sandstone.

Figure 25. Horizontally laminated sandstone (S1) encapsulating a longitudinal bar (next to hammer). The base of
the bar is erosive, but also shows indications of loading at the base where it overlies horizontally laminated
sandstone facies (S1). S1 facies transitions to S3 and Surface V (black arrow) near the top of picture. Location on
west side of Canyon A and south of VS3. Hammer is 33 cm in length.
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Figure 26. Horizontally laminated sandstone (S1) begins to transition to poorly bedded massive sandstone (S3).
Image is below Surface X (not pictured) near VS4. Yellow lines on staff represent 10 cm and hammer is 33 cm long.
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Figure 27. Parting lineations with small ripples are observed within a section of horizontally laminated sandstone.
Located near Figure 25.

Figure 28. Horizontal burrows have disrupted the mica-rich, parting lineated, horizontally laminated sandstone.
The pen is ~14.5 cm in length. Location south of VS4.
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Interpretation
The horizontally laminated, silty sandstone is interpreted as a sandy mudflow facies.
These finer-grained sheetflood facies were deposited on parts of the midfan during periods of
channel entrenchment elsewhere in the fan. During a mudflow event, mudflows spilled out of
channels and spread over relatively flat surfaces (DeCelles et al., 1991). These fine-grained units
likely represents several depositional events because pedogenic features occur in distinct
intervals (Mack and Rasmussen, 1984). These observations suggest periods of mudflow
deposition followed by long periods of nondeposition, re-establishment of vegetation soil
formation, and pedogenic mottling (DeCelles et al., 1991). The recessive nature of some beds is
due to high mud and silt content.
Massive Sandstone (S3)
Description
Massive micaceous sandstone and muddy, poorly-bedded sandstone range from very fine
to very coarse-grained and poor to well sorted. Distinct, pink-red to maroon sandstone beds are
laterally continuous throughout the study area and may vary from massive, structureless
sandstone to flaggy fabric with parting lineation (Figure 29, Figure 30, and Figure 31). These
beds are distinguishable from the silty sandstone due to the lack of sedimentary structures.
Individual beds have sharp basal contacts. This facies is frequently overlain or truncated by
extraformational conglomerate (Figure 29, Figure 30, and Figure 31).
Interpretation
The massive sandstone facies is interpreted to be the result of unconfined sheetflood or
overbank deposits (DeCelles et al., 1991; Mack and Rasmussen, 1984). The accumulation of
floodwaters in the Uncompahgre Uplift may have first given rise to high sediment concentration
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Figure 29. A sharp contact between a massive sandstone (S3) and a extraformational conglomerate (Fce) facies at
Surface X, VS1.

Figure 30. Surface X at VS2 . This figure displays the transition from horizontally laminated sandstone (S1) to a
massive sandstone bed (S3) to an extraformational conglomerate (Fce).
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Figure 31. Horizontally laminated sandstone (S1) overlain by a pink, massive sandstone bed (S3), which is overlain by a thick package of extraformational
conglomerate (Fce) and trough cross-stratified sandstone (Tt) at VS1.
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sheetflood and later, with decreasing recharge of water, evolved into a sludgy sheetflood. Rapid
deposition and higher mud content may be responsible for the observed massive sandstone. The
massive sandstone is distinguishable from the horizontally laminated, silty sandstone because a
higher sediment concentration may have prevented the sludgy overbank deposit from forming
sedimentary structures.
Pedogenic Carbonate (Pcs)
Description
Sandstone beds of the Cutler Formation are largely cemented by calcite. Pedogenic
carbonates are common throughout the study area and they appear in various shapes and sizes.
Pedogenic features include rhizocretions, mottled carbonate nodules, petrocalcic horizons, and
variegated bedded carbonate (Figure 32, Figure 33, Figure 34, Figure 35, and Figure 36).
Pedogenic horizons are often associated with fine-grained horizontal laminated, silty sandstone
units.
Rhizocretions are the most common pedogenic feature in the Cutler Formation at the
Richardson Amphitheater. Rhizocretions range in size from 0.5 to 5 cm in diameter (Figure 33)
and can be traced laterally and vertically for 1-2 m in some cases. Thin-section analysis of
rhizocretions reveals micrite crossed by concentrically oriented veinlets of sparry calcite (Figure
34). The cores of the root casts contain silt- and sand-sized grains of quartz and feldspar partially
replaced by sparry calcite. The large size of some rhizocretions suggests the establishment of
bushes and trees in areas of little sedimentation. Similar descriptions have been made by Mack
and Rasmussen (1984), Loope (1980), and Loope and Schmitt (1980) in the Cutler Formation at
Gateway, Colorado, the Cedar Mesa Sandstone of southeastern Utah, and the Fountain
Formation of central Colorado.
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Figure 32. Bedded pedogenic carbonate (see black arrows) near VS1. Note the bisected cobble between the hammer (right) and the dGPS staff (left).
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Figure 33. Rhizocretions (root casts) associated with Surface W (pedogenic horizon) at VS1.

Figure 34. Thin section of root cast collected in present study area (see Figure 33). Thin section analysis reveals
micrite traversed by concentrically oriented veinlets of sparry calcite. The core of the root casts contains silt- and
sand-sized grains of quartz and feldspar partially replaced by sparry calcite.
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Figure 35. Pieces of rhizocretion in float sourced from the recessive bed associated with Surface W. Figure is near
Figure 33.

Figure 36. Thick, mottled pedogenic horizon associated with Surface Y (yellow arrow) near VS1.
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Carbonate nodules are observed in horizontally laminated, silty sandstone and siltstone
beds (Figure 36). The nodules are elliptical in shape and average 2 cm in diameter. Rare dense
calcite horizons as much as 5 cm thick also are present close to rhizocretion zones. The calcite
layers are parallel to bedding and are a couple of meters in length. Color mottling can also be
well developed with granule conglomerates. Red-brown to purple “red beds” contain greenishgray zones of variable shape and extent that may represent local reducing conditions caused by
breakdown of plant material (Figure 11).
Interpretation
Evaporative pumping of calcite-rich groundwater induced the precipitation of calcium
carbonate cement and carbonate horizons in the Cutler alluvial fan system. Carbonate nodules
resemble the development of calcic soil horizons in arid and semiarid climates (Gile et al., 1981).
Clumps and nodules of pedogenic carbonates are sporadically observed due to the frequent
erosional activity on the fan surface and small variations in climate.
Rhizocretions and carbonate nodules developed during relatively short times scales.
Replacement of roots by calcite and growth of nodules occur between 100-1000 years, relatively
rapid processes when compared to calcic soil deposits (Gile et al., 1981). This implies diastems
rarely exceeding a few hundred years favored the development of rhizocretions and carbonate
nodules (Mack and Rasmussen, 1984). Rapid deposition, with short periods of little or no
sedimentation on the fan surface, prevented the expansion of advanced-staged petrocalcic soils
(Gile et al., 1981).
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SPATIAL FACIES RELATIONSHIPS AND DEPOSITIONAL MODELING
Vertical and horizontal trends and relationships are described based upon a framework
defined by lateral surfaces. Five major erosional surfaces (Surfaces V, W, X, Y, and Z) have
been identified within the study area, and are interpreted to be fifth-order bounding erosional
surfaces (Figure 37, Figure 38, and Figure 39). These surfaces are either 1) overlain by pebblecobble conglomerates, or 2) underlain by pedogenic carbonate horizons and overlain by gravelly
sandstone. They are easily identifiable throughout most of the study area and likely extend
beyond the area for several kilometers. These control surfaces bound four successions or zones
(see Figure 40 for Zones 1 – 4). The approximate cumulative thickness of the four zones is 80 m.
From the base upward, a representative facies succession is comprised of an
extraformational conglomerate (Fce or TRAC) that passes gradationally up into trough and
tabular cross-bedded pebbly facies (Tt). A fourth-order architectural element often acts as a basal
unit of a facies succession covered sometimes by massive sandstone (S3), and with massive or
laminated muddy/silty sandstone (S1), or pedogenic carbonate (Pcs) at the top (Cain and
Mountney, 2009; DeCelles et al., 1991; see also Figure 10). A complete succession commonly is
10-20 m thick, hundreds of meters wide, and terminated by the incision of an overlying fifthorder bounding surface. The Cutler Formation at the Richardson Amphitheater maintains this
pattern of alternating thick conglomerate beds with finer-grained beds.
The observed successions are defined by a basal architectural element. Filling of the
channel covered the underlying fifth-order bounding surface with packages of fourth-order
architectural elements (DeCelles et al., 1991). It is characteristic of ancient alluvial fans to have
migratory channel packages that are meters to tens of meters thick and laterally extensive for
hundreds of meters (DeCelles et al., 1991). Following channel migration, channel fill
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Figure 37. Five major erosional surfaces near VS1: V, turquoise, W, bright green, X, yellow, Y, purple, and Z, blue. The dashed, orange lines indicate locations
of VS1, VS2, VS3, and VS5. Image modified from Google Earth.
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Figure 38. North to south sedimentary log correlation from Petrel. From left to right, VS2, VS1, VS4, and VS6.
Major erosional surfaces are correlated between the sedimentary logs. In ascending stratigraphic order, the
surfaces are: Surface V, turquoise; Surface W, bright green; Surface X, yellow-brown; Surface Y, purple; and
Surface Z, blue. Black sections represent no data (slope cover). The interpreted depositional environments are:
Channel Bar, orange; Sandy Mudflow, red; Levee/Overbank, light blue; and Floodplain, turquoise. Correlation
between VS4 and VS6 is more difficult due to the salt deformation and the Surface Y correlation to VS6 is not well
constrained. Notice that Surface Z is truncated by the Permian-Triassic Unconformity and not present at the top of
VS2.
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Figure 39. West to east sedimentary log cross section from Petrel. Major erosional surfaces are correlated between
the sedimentary logs. In ascending stratigraphic order the surfaces are: Surface V, turquoise; Surface W, bright
green; Surface X, yellow-brown; Surface Y, purple; and Surface Z, blue. Black sections represent no data (slope
cover). The interpreted depositional environments are: Channel Bar, orange; Sandy Mudflow, red; Levee/Overbank,
light blue; and Floodplain, turquoise. Difficulty in correlating across Canyon A (between VS3 and VS1) is
interpreted to be related to salt deformation. Surface X was not well constrained on VS3. Vertical scale slightly
varies between logs.
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Figure 40. 3D view of model below Surface Z (Zone 1, horizontal layer, K1). The southern edge of the depositional
model shows Zones 1 – 4. The southern vertical edge displays (in ascending over): Zone 4, orange-brown; Zone 3,
yellow-green; Zone 2, green; and Zone 1, blue. The top surface (layer K1) displayed is correlative to the
depositional facies directly below Surface Z. The interpreted depositional facies are: Channel Bar, orange; Sandy
Mudflow, red; Levee/Overbank, purple; and Floodplain, turquoise.
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architectural elements (first- to fourth-order elements) are deposited, consisting of longitudinalbar deposits, trough cross-stratified conglomerate channel fill, and amalgamated
hyperconcentrated-flow deposits, such as the observed facies Fce and Tt (DeCelles et al., 1991).
First- to fourth-order architectural elements probably were produced by a variety of intrinsic
processes of alluvial fans, such as bedform migration, flow-stage changes, channel filling and
migration, changes in flow direction, and sediment gravity flow deposition (DeCelles et al.,
1991).
Following channel-fill, ensuing dispersion-stage deposits consist of laterally widespread,
shallow braided-stream facies (DeCelles et al., 1991). These fine-grained intervals may be
several meters thick, contain a higher percentage of overbank sheetflood and silty sandstone, and
may be pedogenically modified, producing facies Pcs (Mack and Rasmussen, 1984). The silty
sandstone intervals (facies S1) that separate fifth-order architectural elements probably were
deposited on parts of the midfan during periods of entrenchment elsewhere in the fan (DeCelles
et al., 1991).
In general, within each succession there is a fining-upward trend, with a basal
conglomerate and trough cross-stratified sandstone transitioning into finer-grained horizontally
laminated, silty sandstone. Laterally, the successions maintain a relatively constant thickness,
with the exception of near the salt withdrawal area where the intervals thin. However, important
variations exist in each of the described and modeled stratal packages.
Facies Modeling
Control surfaces were created by interpolating dGPS-acquired data points in Petrel
(Figure 6). In data-scarce regions (such as near the corners of Figure 6), ~10 control points were
added consistent with regional dip of the Cutler strata to better extrapolate the model. Less
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distinct surfaces were directed to follow the trend of more distinct surfaces (Surfaces X and Z) in
areas of limited data, leading to loosely isochorous intervals. A simple grid was created using
Surfaces V, W, X, Y, and Z (Figure 6, Figure 7, Figure 38, and Figure 39). The grid increment
was 50 by 50 meters. All the zones are built with proportional layers. The average thickness of
the zones are (in descending order): Zone 1, 30 m (20 layers); Zone 2, 14 m (15 layers); Zone 3,
15 m (10 layers); and Zone 4, 21 m (15 layers).
The regional structural dip of the Cutler Formation and its unconformable relationship
with the overlying Moenkopi Formation means that there is no reliable datum from which to
hang sedimentary logs (Venus et al., 2015). Vertical sections VS1, VS3, VS4, VS5, and VS6
were hung from dGPS Surface Z and vertical section 2 (VS2) was hung from dGPS Surface X
(Surface Z is not observed at VS2 due to the regional unconformity eroding below Surface Z).
Facies information from the measured sections was upscaled into the grid cells and this data is
the control extrapolation and facies modeling for the resulting 3D model.
Facies modeling for each of the zones included sandy mudflow, channel bar, floodplain,
and levee/overbank facies. Braided channel geometries are included in the model and are based
upon the non-channelized, horizontally laminated, silty sandstone (S1) facies. Due to the small
percentage of observed debris flow facies and the close association of debris flow and channel
bar facies, debris flow facies were included with the channel bar facies during modeling.
Intervals that were slope-covered were given a null value (negative 999). The sequential
indicator simulation (SIS) algorithm was used to inform the zones based on sedimentary log
data. Vertical facies probability curves were generated from the six measured sections for each
interval and the resulting vertical distribution was smoothed (Figure 41).
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The major direction orientation of the overemphasized modeled braided channels was
given an azimuth of southwest (225 degrees), due to the preferred south-westerly drainage
direction (Venus et al., 2015). Braided channels were given a length of 200 m, a width of 50, and
a depth of 3 m. Some allowance was given for paleocurrent data fluctuation due to possible salt
generated topography and local drainage diversion (Venus et al., 2015), but additional allowance
may still be needed. Other facies were given spherical orientations because considerable
variation is noted in paleocurrent data from overbank and minor channel elements (Venus et al.,
2015).
In describing spatial trends and facies distribution, each partial or complete succession,
beginning with strata below Surface V and continuing upward, is addressed. The model is a
derivative of the outcrop. Therefore, for each interval, the outcrop is described followed by a
description of the corresponding succession (zone) from the model. Each succession is identified
by a number, the corresponding K (horizontal) slices, succession thickness and the bounding
surfaces. It should be noted that the basal unit beneath Surface V and the growth strata above
Surface Z (partial successions) were not included in the model, but are hereafter described based
upon outcrop observations.
A Cartesian coordinate system identifies particular slices of the 3D model. For example,
north-south vertical slices perpendicular to the X-axis are identified by their X or I coordinate.
Likewise, east-west vertical slices perpendicular to the Y-axis are identified by their Y or J
coordinate (Figure 42). Many of the subsequent examples of the model are horizontal slices, with
K60 identifying the lowermost slice and K1 identifying the uppermost. See Appendix B and C
for all images of layers (K or Z-axis layers) and vertical slices (I or X-axis vertical slices) of the
model.
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Figure 41. Data analysis operator smoothing the probability curves for four facies in Succession (Zone) 1: Sandy
Mudflow, 6, red; Channel Bar, 7, orange; Floodplain, 20, turquoise; and Levee/Overbank, 32, purple. Note that
facies 6 (red) was incorrectly labeled “Braided Channel” while modeling.
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Figure 42. South looking view of east-west cross section (J-slice, perpendicular to Y-axis) slightly south of VS4 and VS5 showing salt deformation in the
southwestern portion (on right) of the model. Zones 1 – 4 are all deformed. The interpreted depositional facies are: Channel Bar, orange; Sandy Mudflow, red;
Levee/Overbank, purple; and Floodplain, turquoise.
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Basal Unit (Below Surface V)
Outcrop
Within the study area, the basal succession observed is not complete. Additional
fieldwork to the west likely will reveal the bottom of this unit. The basal unit is dominated by
trough cross-stratified sandstone in the northern part of the model, but becomes more finegrained silty sandstone to the southwest. Some calcite replaced rhizocretions with sparry calcite
are observed, such as near VS1 (Figure 43). Longitudinal bars (pebbles and gravels) are encased
in horizontal laminated, silty sandstone near VS4 (Figure 25). Fine-grained sandstones at this
locality also contain very small ripples (Figure 27).
The top of the basal unit is defined by a bright pink sandstone (Figure 44, Figure 45,
Figure 46, Figure 47, and Figure 48). This sandstone can be highly fissile in places, such as at
VS2, VS3 and VS4 (Figure 44 and Figure 45). It also should be noted that the largest scour
observed in the study area cuts into the basal unit ~2.5 m (Figure 49) south of VS3 (Figure 5 and
Figure 6). The paleoflow of this channel scour is approximately N-S.
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Figure 43. An isolated rhizocretion near the bottom of VS1 . This root cast may have been removed from a
pedogenic horizon and redeposited within a braided stream (Mack and Rasmussen, 1984). The width of the field
notebook is about 12 cm.

Figure 44. Finely laminated and massive sandstone (S3) just below Surface V at VS3 .
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Figure 45. Surface V at VS4. Pink, finely laminated sheetflood sandstone (S3) bed that demonstrates parting
lineations is scoured by the overlying gravel conglomerate (Fce). This contact demonstrates the transition from
sheetflood to streamflood processes (Blissenbach, 1954).
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Figure 46. Surface V at VS2. The basal succession transitions from a recessive, horizontally laminated sandstone
(S1) to a pink, massive sandstone (S3). Surface V scours into the pink, massive sandstone, leaving traction-load
conglomerate (Fce) deposits and trough cross-stratified sandstone (Tt). Hammer is 33 cm long.

Figure 47. Surface V in Canyon A (white arrow). The white mottling may be due to pedogenic processes. Red-brown
to purple “red beds” contain greenish-gray zones of variable shape and extent that may represent local reducing
conditions caused by breakdown of plant material (Mack and Rasmussen, 1984). Note the transition from S1 to S3
near the hammer. Hammer is 33 cm long.
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Figure 48. Surface V (white arrow) overlies a sheetflood sandstone (S3) in the center of image (Canyon A).

Figure 49. Surface V displays a deep channel scour (white arrow) between VS4 and VS3. This incised channel may
be the result of a streamflood. Located in Canyon A near the location of Figure 48.
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Succession 4 (K60-K46, ~21 m Thick Interval between Surfaces V and W)
Outcrop
Major erosional surface V serves as the bottom control surface of Succession or Zone 4.
A grey (calcite cemented) conglomeratic sandstone is the basal unit of this succession. A wellpreserved, bedded pedogenic carbonate is observed near the bottom of the succession near VS1
(Figure 32). A big angular boulder of pedogenic carbonate that was reworked and suspended in a
sandy matrix is also observed between VS1 and VS3 (Figure 19). This may have been the result
of bank collapse. Powdery white and nodular calcisol is found intermittently. In canyon B at
VS5, several large nodules of carbonate are observed.
Trough cross-stratified sandstone dominates the succession, especially near the bottom.
Diagenetic white banding often highlights trough cross-stratification due to relative high
permeability laminae creating fluid flow pathways. Soft sediment deformation features
(dewatered and convoluted sandstone) are observed between VS1 and VS4 in Canyon A, near
the salt deformation area (Figure 50). In the southwestern portion of the study area, salt
deformation is observed in Zone 4. It is localized and is only observed in outcrop on the east side
of Canyon A.
In general this succession fines-upward, concluding with a recessive bed full of
rhizocretions (Surface W) near VS1. Surface W farther to the south near VS4 caps a massive
sandstone (Figure 51). In the middle of Canyon A, an outcrop containing very large trough crossstratification with 0.5 m amplitude is likely just beneath Surface W (Figure 21). The
paleodirection of this trough is approximately east west.
Model
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Surface V is a distinct contact with overlying conglomeratic sandstone scouring into the
underlying finer-grained sandstone. Above Surface V (layers K60-K57, ~5.6 m thick interval)
the study area is dominated by channel bar facies (orange), with a few scattered locations that
contain sandy mudflow (red), overbank (purple) and floodplain (pedogenic carbonate, turquoise)
facies. Standing at the outcrop looking at Surface V, it appears Surface V is not deformed by salt
movement (Figure 52). However, layers K60-K59 (~2.8 m thick interval) show a slight dimple in
the beds in the southwest (Figure 53).
Layers K56-K48 show a ~12.6 m thick interval more evenly dominated by sandy
mudflow (red) and channel bar (orange) facies. Layers K47-K44 (~5.8 m thick transition interval
between Zone 4 and 3 through Surface W) show a localized overbank sheetflood sandstone near
VS4 (purple). One 1.5 m thick layer (K45) indicates this same facies between sedimentary logs,
but does not connect with any logs. It is inferred that this facies is an artifact of geocellular
modeling or this massive muddy sandstone may be ponding near or within the salt withdrawal
feature. Surface W is identified as a ledge former at the outcrop and at VS1 contains a high
concentration of rhizocretions, but Surface W does not appear as a strong stratigraphic horizon in
the model.
This succession, particularly with a 2.8 m thick basal fourth-order architectural element at
layers K59-K58, is a good candidate for a hypothetical tight reservoir (Figure 53). However,
these arkosic facies are not clean arenites, but poorly sorted and muddy. Due to the small study
area, it is difficult to identify laterally stratigraphic pinch outs, but there may be a small structural
trap along the NW-SE axis of the deformation area. The overlying beds of horizontally laminated
silty sandstone may also serve as a poor seal. In that this a digital outcrop model, it is impossible
to have a present-day reservoir at this location.
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Figure 50. Dewatered and convoluted sandstone. Venus et al. (2015) observed similar features near salt walls.

Figure 51. Surfaces W, X, Y, and Z (dark blue, light blue, yellow and green arrows, respectfully).
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Figure 52. The salt deformation area from the bottom of Canyon A. At this location, Surface V (yellow, dashed line near the bottom) does not appear to be
deformed, but the model implies some deformation behind the outcrop. The axis of deformation strikes NW – SE. Center of deformation area indicated by black
arrow.
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Figure 53. View of model above Surface V (Succession 4, K59). Trough cross-stratified sandstone (Tt, orange)
dominates the succession above Surface V and is laterally extensive. The interpreted depositional facies are:
Channel Bar, orange; Sandy Mudflow, red; Levee/Overbank, purple; and Floodplain, turquoise.
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Succession 3 (K45-K36, ~15 m Thick Interval between Surfaces W and X)
Outcrop
The bottom of Succession 3 overlies Surface W and the recessive bed containing
rhizocretions. Surface W does not mark a drastic change in grain size as does Surface V, but the
presence of rhizocretions indicate a period of depositional inactivity and the beginning of a new
succession. The slight increase of grain-size above surface W does create a ledge at the outcrop.
Succession 3 then fines upward into some thin beds of finely laminated, fine-grained sandstone.
In places these thin beds display horizontal burrows along the laminae. Succession 3 is topped by
a massive sandstone bed that is 0.5-0.7 m thick. Surface X scours down into this massive
sandstone.
This laterally extensive massive sandstone can be traced through the salt evacuation area
and Surface X is near the bottom of VS6 to the south. Succession 3 drops several meters due to
salt deformation. Surface X is difficult to correlate across Canyon A and there is some
uncertainly to the control surface on the west side of Canyon A (Figure 39). The massive bed at
VS2 has been scoured and reworked, resulting in an intraformational conglomerate (Figure 18).
Large boulders of rippled sandstone have been twisted and turned. These facies are interpreted to
be debris flow deposits.
Model
Succession 3 has more pronounced salt deformation than Succession 4. The facies
distribution of Succession 3 is very similar to Succession 4, with the model showing a dominant
sandy mudflow (red) and channel bar (orange) facies in layers K45-K37 (~13.5 m thick interval;
see Figure 54). It should be noted that overbank facies (purple) are observed at VS5 throughout
layers K39-K37 (~4.5 m thick interval; see Figure 54). K36 (~1.5 m thick interval underlying
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Surface X) demonstrates the most extensive overbank sheetflood (purple) within the study area
(Figure 55). All of the sedimentary logs indicate this distinct massive sandstone, except for at
VS3 where the surface correlated is uncertain (Figure 39). The difficulty associated with
correlating between VS1 and VS3 may be due to the NW trending salt withdrawal feature.

Figure 54. View of model below Surface X (Succession 3, K37) showing dominant sandy mudflow facies (red).
Figure 54 is immediately below the layer in Figure 55. The interpreted depositional facies are: Channel Bar,
orange; Sandy Mudflow, red; Levee/Overbank, purple; and Floodplain, turquoise.
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Figure 55. View of model below Surface X (Succession 3, K36) shows the massive sheetflood sandstone (purple) that
is laterally extensive. Figure 55 is immediately above the layer in Figure 54. The interpreted depositional facies are:
Channel Bar, orange; Sandy Mudflow, red; Levee/Overbank, purple; and Floodplain, turquoise.
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Succession 2 (K35-K21, ~14 m Interval between Surfaces X and Y)
Outcrop
The bottom of Succession 2, above Surface X, is dominated by an extraformational
conglomerate, which contains gravel- and pebble-sized clasts supported by a sand matrix. Near
VS1 this conglomerate package is especially thick. Succession 2 fines upward into a distinct
pedogenic horizon. This recessive bed consists of mottled yellow and brown carbonate. It is
difficult to trace this horizon across Canyon A, yet there are several smaller pedogenic horizons
on the west side of Canyon A. It is noted that a large channel scour cuts through the lower beds
of Zone 2 near VS4 (Figure 56). Due to the salt deformation, the beds are dipping 30-35 degrees,
but the channel scour cuts horizontally through the beds. This may be associated with
syndepositional salt withdrawal.
Model
At the bottom of Succession 2 (above Surface X), the K33-K35 (~2.8 m thick interval)
interval is another thick package of channel bars facies (orange). This is another candidate for a
tight reservoir, but there are concerns regarding the permeability, trap and seal for this reservoir.
There may be a structural trap near VS4 associated with the deformation. Layers K34-K23
(~11.2 m thick interval) maintain both channel bar (orange) and sandy mudflow (red) facies,
with an occasional pedogenic carbonate patch (turquoise). Layers K21-K22 (~1.9 m thick
interval) show the most extensive floodplain (pedogenic carbonate) horizon within the study
area, which is Surface Y (Figure 57).
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Figure 56. A channel scour cuts into steeply dipping beds. Some of the thin beds near the feet of the person contain horizontal burrows (Figure 28).
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Figure 57. View of model below Surface Y (Succession 2, K21) displays a laterally extensive pedogenic horizon
(turquoise). The interpreted depositional facies are: Channel Bar, orange; Sandy Mudflow, red; Levee/Overbank,
purple; and Floodplain, turquoise.
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Succession 1 (K20-K1, ~30 m Thick Interval between Surfaces Y and Z)
Outcrop
The bottom of Succession 1 is marked by the pedogenic horizon of Surface Y (Figure
36). Above Surface Y is another ledge-forming unit, but there is not a distinct erosional surface.
Succession 1 is much thicker than the underlying successions and it has the greatest thickness
change (thins to the southwest). Much of upper portion of Succession 1 contains beds covered by
slope cover. This large zone terminates at a very thick extraformational conglomerate (above
Surface Z) that is observed throughout the study area, except at VS2 where the Permian-Triassic
Unconformity has eroded away Surface Z. The Surface Z conglomerate is clast-supported,
especially near VS6. Surface Z may indicated a reactivation of the Uncompahgre fault during
this time and a progradation into the basin.
Succession 1 is much larger than the underlying zones due to the clumping of many
recessive beds into one zone while measuring. While many of the beds in Succession 1 are
recessive or dominated by slope cover (Figure 24), there are a few outcropping sandy beds
observed near the salt deformation area to the south in Canyon A. These beds may terminate
spatially to the north. We also note that the Permian-Triassic Unconformity, eroding below
Surface Z at VS2, truncated Succession 1.
Model
At the bottom of Succession 1, layers K20-K13 (~10.5 m thick interval) consist of
channel bar facies. Channel bar facies persist throughout the zone, but sandy mudflow facies
dominate from K12-K1 (Figure 58). It is estimated that the model favors channel bar facies too
heavily because there are several no data intervals (slope cover) for VS1, VS4 and VS6 in
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Succession 1. It is inferred that fine-grained, silty sandstone and mudstone are major constituents
of these slope cover intervals.

Figure 58. View of model below Surface Z (Succession 1, K6) showing modeled sandy mudflow facies (red) and
channel bar facies (orange) within Zone 1. The interpreted depositional facies are: Channel Bar, orange; Sandy
Mudflow, red; Levee/Overbank, purple; and Floodplain, turquoise.
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Permian-Triassic Boundary and Growth Strata (Above Surface Z)
Outcrop
The Permian-Triassic Unconformity (Figure 59 and Figure 60) has eroded away much of
the upper Cutler (Rasmussen and Rasmussen, 2009) in the region. Between Surface Z and the
Permian-Triassic Boundary there are additional sand bodies above Surface Z that are not
observed anywhere else in the study area. Traces of these sand beds are observed in the southern
part of Canyon A, especially between VS4 and VS6. These beds appear to onlap onto Surface Z
(Figure 63) and are interpreted to be growth strata. The thickness of the partial succession above
Surface Z is much greater at VS3 and VS6 than anywhere else in the study area.
In general, the Permian-Triassic Unconformity dips to the north, truncating VS2 below
Surface Z. At VS1 the unconformity is right above Surface Z, yet due to deformation to the
south, ~40 m of vertical distance separate the unconformity from Surface Z at VS6 (Figure 15).
Immediately underlying the Permian-Triassic Unconformity is a dark brown siltstone layer (~3
m) that appears to have been diagenetically altered. This dark siltstone is best observed near
VS1. This siltstone overlies the pebble-cobble conglomeratic sandstone associated with Surface
Z.
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Figure 59. The Permian-Triassic Unconformity (black, dashed line). The Cutler gravels of Surface Z (Fce, whitedashed line) are overlain by a darker siltstone. The siltstone appears to be diagenetically altered by the
unconformity. The fluvial facies of the Moenkopi form majestic cliffs of amalgamated channels above.
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Figure 60. Conglomerate above Surface Z (white, dashed line) overlain by a mudstone/siltstone and the PermianTriassic Unconformity (black, dashed line).
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Salt Deformation
There is no previous published record of salt deformation in the Richardson
Amphitheater, although gravity data from Banbury (2006) and maps modified by Trudgill (2011)
indicate a gravity gradient low around the study area. This is in great contrast with the gravity
gradient high at Onion Creek salt diapir. Venus et al. (2015) also observed slumping and
dewatering structures (e.g. flame structures) in sheet-like and channelized elements elsewhere in
the Cutler Formation. Convoluted and dewatered facies near salt deformation features likely
arose in response to passive folding of previously deposited sediments and dewatering of
underlying water-saturated sediments. These features are not widespread, but localized near the
salt deformation (near VS4, see Figure 50), suggesting that they occurred in response to salt
deformation and not in response to regional climatic or tectonic events (Venus et al., 2015).
Observations and models of the present study suggest that there was a localized
depocenter at the Richardson Amphitheater active through the upper Cutler. The beds between
VS4 and VS6 dip ~30 degrees, contrasting with the nearly horizontal beds to the north (Figure
52, Figure 61, Figure 62, and Figure 63). The model shows an asymmetric flexural depression
with a northwest-southeast major axis. Above the dipping beds are additional sandstone beds that
are not correlative to any other observed outcrops in the study area. Deformation is observed in
Canyon A (southwestern portion of the study area; see Figure 52, Figure 61, and Figure 63), yet
is not observed in Canyon B (Figure 64). No deformation is observed to the northwest.
High precision dGPS measurements and observations identify a likely salt withdrawal
feature. During the late deposition (and loading) of Zone 1 and early deposition (and loading) of
Zone 2, Cutler strata deformed as salt in the Paradox Formation evacuated into the Onion Creek
salt diapir. The cross cutting relationships of a channel near VS4 (Figure 56) and the dipping
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beds near Surface X indicate possible syndepositional salt evacuation. Additional evidence that
supports syndepositional salt movement includes thickness variations of zones through the
deformation area, growth strata onlapping onto Surface Z, and the presence of facies
characterized by convoluted bedding and dewatering structures near the deformation area. The
salt withdrawal during this active depositional period also created accommodation for sediment.
The localized depositional center was very small, as indicated by the study area map (Figure 2).
We interpret the mentioned observations as a likely salt evacuation feature that has not
been previously documented, and as such, this is the most proximal salt structure to the
Uncompahgre Uplift in the area. This small salt evacuation feature may suggest the existence of
a larger salt evacuation feature farther to the southeast and hidden by the prominent mesa (Figure
2 and Figure 3), striking parallel to the Onion Creek salt diapir. This coincides with the concept
of the thickness of a basin-fill succession increasing significantly adjacent to salt diapirs (Venus
et al., 2015). A rim syncline or a localized depocenter likely developed in the Richardson
Amphitheater in response to localized enhanced salt withdrawal (Lehner, 1969; Trudgill et al.,
2004; Trudgill, 2011).
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Figure 61. Salt deformation (centered below black arrow) observed back in Canyon A on the right side of the image. The picture was taken from near the
trailhead and state highway 128.
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Figure 62. N-S cross section I31 indicating salt withdrawal between VS4 and VS6 (white arrow, right side). Note the laterally extensive turquoise horizon
(Surface Y, yellow arrows) and purple horizon (Surface X, black arrows). The interpreted depositional facies are: Channel Bar, orange; Sandy Mudflow, red;
Levee/Overbank, purple; and Floodplain, turquoise. Additional vertical slices (I slices perpendicular to X-axis) in Appendix C.
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Figure 63. Salt deformation viewed from the top of VS3 across Canyon A . Growth strata are observed in the upper right hand corner. Deformation area
centered below black arrow.

81

Figure 64. Image of Canyon B looking to the southwest. Canyon B shows no deformation in contrast with Canyon A (Figure 52, Figure 61, and Figure 63).
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DISCUSSION
The traditional large-scale depositional driver used to describe Cutler sedimentation is the
tectonic uplift of the Uncompahgre highland. This tectonic driver appears to be the key player in
creating three megasequences observed at Gateway (Mack and Rasmussen, 1984). Every
tectonic pulse progrades coarse proximal alluvial-fan facies over more distal facies. During
tectonic quiescence and subsequent denudation, fan regression superimposes more distal facies
over more proximal facies (Mack and Rasmussen, 1984; Steel et al., 1977; Steel and Wilson,
1975). The large-scale tectonic driver also coincides with the observed progradation and
retrogradation of the more distal, fluvial system of the Organ Rock Formation (Cain and
Mountney, 2009).
Climate is another notable allocyclic driver. Periods of semiarid climate likely correspond
to alluvial fan building, whereas periods of drier-than-normal conditions induced fan dissection
and deposition of gravel at the fan toe (Bull, 1964; Williams, 1973). Well-developed pedogenic
horizons consisting of carbonate nodules and rhizocretions, and a few laminated and plugged
calcite-rich horizons represent wetter-than-normal periods (Williams, 1973). Rhizocretions and
nodular calcite horizons are present throughout the entire Cutler section, suggesting that major
climatic variations did not deviate from an arid or semiarid climate (Mack and Rasmussen, 1984;
Suttner and Dutta, 1986). However, the distinct pedogenic horizon beneath Surface Y and the
increase of sandy mudflow facies in Succession 1 may suggest a relative wetter period compared
to Successions 2 – 4.
On a smaller scale, packages tens of meters thick likely represent the changes inherent to
the alluvial fan system, an autocyclic driver (Schumm et al., 1987). Vertical successions bounded
by surfaces defined by channel cutting and migration and that consist of debris flow,
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streamflood, channel-fill, and sheetflood facies account for most of the autocycles (Mack and
Rasmussen, 1984). The autocylic nature of channels cutting and migrating across the fan surface
and filling of channels best explains the successions observed in the study area.
The seven-fold hierarchy for bounding surfaces utilized by DeCelles et al. (1991) (a
modified version of the Miall (1977) classification of sandy fluvial systems) is useful when
identifying the autocyclic building of proximal alluvial fans. The present study interprets the
laterally extensive major erosional surfaces that bound 10-20 m thick intervals observed at the
Richardson Amphitheater to be fifth-order erosional surfaces. Erosional surfaces are produced by
the cutting and lateral migration of entrenched channels (DeCelles et al., 1991). Lateral
migration of a channel, which is dominated by fluid-flow processes (Hooke, 1967; Schumm et
al., 1987), will produce a basal, erosional fifth-order surface that is overlain by a package of
fourth-order architectural elements, which accretes laterally as the channel sweeps toward the fan
central axis (DeCelles et al., 1991). Fifth-order surfaces are laterally traceable for hundreds of
meters and bound packages 10-50 m thick (DeCelles et al., 1991). While not observed in the
study area, sediment bypass through channels construct distal lobes and fifth-order accretionary
architectural elements (Denny, 1965).
The first- to fourth-order bounding surfaces of the DeCelles et al. (1991) hierarchy are
analogous to those described by Miall (1977). However, individual bedsets and lithofacies
packages in conglomeratic units are often difficult to recognize because of coarseness, poor
sorting, and amalgamation (DeCelles et al., 1991). Migration of subaqueous gravel and sand
dunes (Tt) produce first-order surfaces binding individual trough cross-sets. A second type of
first-order surface bound the deposits of single debris flows or hyperconcentrated flows
(identified as facies Fci or Fce). Second-order surfaces bound separate groups of genetically
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related strata and represent periods of minor erosion during changing flow-stage. Third-order
surfaces represent lateral and down-fan migration of gravelly channel bars. Shallow channel
scouring and migration produce erosional fourth-order surfaces (and present-day cliff-forming
terraces). Upper surfaces of gravelly channel bars and point bars are accretionary fourth-order
surfaces. Due to the terracing of fourth-order erosional bounding surfaces, the fourth-order
architectural elements are more easily recognized in outcrop (DeCelles et al., 1991).
The five major erosional surfaces that differentiate the four surface-bounded successions
in the Richardson Amphitheater are interpreted to be alluvial fan fifth-order bounding surfaces
(DeCelles et al., 1991). These fifth-order bounding surfaces are laterally traceable for hundreds
of meters and separate 10-20 m thick packages. The lower bounding surfaces are highly
erosional with 0.2-0.5 m deep erosional furrows (Figure 13) and a few channels incising a few
meters into underlying beds (Figure 49). The lower surfaces generally scour into intervals of
massive silty sandstone facies in the study area (facies S3). Channel migration and filling appear
to be the main processes that deposited the fifth-order architectural elements. The observed
facies in the study area likely represent the midfan due to the absence of accretionary fifth-order
surfaces. These fifth-order bounding surfaces are not angular unconformities and are not
produced by tectonic controls, but allocyclic drivers may still influence alluvial fan processes
(DeCelles et al., 1991). Due to the small area covered by the study, the highest ordered surfaces
identified are fifth-order bounding surfaces.
The observed architectural elements at the Richardson Amphitheater suggest that the
study area is located on the midfan. Our interpretation coincides with the conclusion of Cain and
Mountney (2009) suggesting that Fisher Towers, which is ~4 km basin-ward, probably
represents a position immediately downstream of a main avulsion point, marking the entrance of
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the trunk river channel into the sedimentary basin. Channel migration on the alluvial fan may act
as this avulsion point. A larger study area is required in order to confirm that autogenic factors
inherent in an alluvial fan system are the primary drivers of the small-scale successions observed
in the Cutler at the Richardson Amphitheater.

CONCLUSION
Our study demonstrates that the DeCelles et al. (1991) bounding-surface classification
scheme, a variation of Miall’s (1988) bounding surface hierarchy, is useful for documenting and
interpreting conglomeratic, alluvial fan deposits. At the Richardson Amphitheater locality,
described major erosional surfaces (fifth-order bounding surfaces) or surfaces of inactivity
(pedogenic horizons) differentiate successions (or zones) 1 – 4 of the geocellular model. It is
possible in this alluvial fan depositional system (at least at a local scale) to identify and correlate
individual packages within the Cutler Formation based upon this bounding surface hierarchy.
Similar in cumulative thickness (~80 m), successions 1 – 4 may correlate with the four complete
cycles identified by Cain and Mountney (2009) observed at Fisher Towers.
Tectonism is the primary large-scale depositional driver for the Cutler Formation.
However, at the outcrop scale, alluvial fan channel cutting, filling, and migration are the
interpreted primary drivers for the 10-20 m thick successions at the Richardson Amphitheater.
Finer-grained and sheetflood facies were deposited on parts of the midfan during periods of
entrenchment elsewhere in the fan (DeCelles et al., 1991). Major climatic variation did not occur
during deposition due to the observation of rhizocretions and nodular calcite horizons throughout
the entire Cutler section at the Richardson Amphitheater. The alluvial fan debris flow,
sheetflood, and pedogenic facies support arid or semiarid climatic interpretations.
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High precision dGPS measurements and observations identify a salt withdrawal feature.
The cross cutting relationships of a channel near VS4 (Figure 56) and the dipping beds near
Surface X may indicate syndepositional salt evacuation. Additional evidence that supports
syndepositional salt movement includes thickness variations of zones through the deformation
area, growth strata onlapping onto Surface Z, and the presence of facies characterized by
convoluted bedding and dewatering structures near the deformation area. The salt withdrawal
during this active depositional period also created accommodation for sediment. The localized
depositional center was very small, as indicated by field observations (see Figure 2 and Figure 5
for outline of deformation area).
In general, single channels and channel complexes are difficult to distinguish in the study
area. However, larger accumulations of amalgamated channels and channel bars characteristic of
a proximal system are genetically grouped as fourth-order genetic successions and tied to
autogenic processes. Occasionally a deep channel scour is associated with a major erosional
surface (fifth-order bounding surface), which is the direct result of lateral cutting and migration
of a channel (an autogenic driver). The great lateral continuity of fifth-order bounding surfaces
suggests that lateral channel migration was more common than channel avulsion (DeCelles et al.,
1991). Outcrop observations and the digital model suggest that alluvial fan depositional facies
are vertically predictable and laterally continuous, even when deformed by active salt
withdrawal.
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FUTURE WORK
The present study encountered some additional items that were beyond the scope of the project,
but may be of interest for future study.
1) Conduct clumped isotope (carbon and oxygen) analysis of pedogenic horizons and
construct a paleothermometer for the Permian Period. This may help indicate the
likelihood of glaciation in the Uncompahgre during this period (Soreghan et al., 2009).
2) Correlate major erosional surfaces from the Richardson Amphitheater to Fisher Towers
and determine if the four complete successions in the Richardson Amphitheater relate to
the four complete cycles observed at Fisher Towers by Cain and Mountney (2009). A
larger study area will more strongly conclude if autogenic processes inherent to the
alluvial fan dictated succession deposition. The small area of the present study limits the
author’s ability to conclusively separate allocyclic and autocyclic drivers controlling the
alluvial fan system.
3) Look at diagenetic alterations in the uppermost Cutler (above Surface Z) that occurred
during the Permian-Triassic Unconformity.
4) Use paleoflow indicators to construct paleohydraulics of this area and possible salt driven
topography diverting the alluvial-fluvial system.
Note
The present study uses the name Richardson Amphitheater to refer to the most
northeastern portion of Professor Valley, near BLM Hittle Bottom campground and the
Amphitheater Loop trail (Figure 1 and Figure 2). The present study does not use the name to
mean any other area of Professor Valley or the Onion Creek salt diapir.
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